The present research work aims at investigating the magnitude of drilling forces produced during the drilling process of [0/0/0] or uni-directional and [0/90/0] or bi-directional glass fiber reinforced epoxy composite laminates. The composite laminates were prepared by hand lay-up technique. The drilling process is carried out by using 3 drill bits of different drill point geometries viz. 4-facet, 8-facet and jo-drill. The corresponding ultimate failure stress for the manufactured composite laminates has been determined by using Tsai-wu failure criteria. The study reveals that, the finest orientation for glass fibers i.e. bi-directional can be implemented for manufacturing of the glass fiber reinforced epoxy GFRP composite laminates due to minimum damage affecting failure. Finally, the scanning electron microscopic observation on the drilled specimens are examined and discussed accordingly.
INTRODUCTION
Drilling of composite materials has been an area subjected to widespread research over the recent pasts. The machining of such composite materials is one such aspect that has to be taken into meticulous consideration due to their extensive use in structural components owing to excellent properties viz. specific strength, stiffness, dimensional stability etc. In addition to this, an unusual combination of properties can be obtained which otherwise are not to be seen in metal alloys. Composite materials are increasingly becoming more popular with emphasis being entitled upon fabricating and manufacturing them to desired cost and quality.
For composite materials to be used as structural materials, the process of fastening becomes of prime importance. The efficiency of fastening largely depends upon the quality of the holes that are achieved. However, due to the non-homogeneity involved during manufacturing, FRP faces numerous problems such as fiber breakage, Delamination, fiber pullout during a drilling process. Amongst these, Delamination is the one such defect that immensely contributes to composite material failure as it largely induces residual stress, therefore causing decrement in the bearing strength which in turn reduces the composite material durability for long term performance [1] [2] .
Numerous investigations have been conducted based on analytical and experimental studies of drilling of composite materials by giving more emphasis to thrust force, torque and Delamination in particular. These studies have attempted to correlate the drilling forces and Delamination with drilling parameters such as cutting speed and feed rate [3] [4] . Koenig et al. [5] first determined the correlation between Delamination and thrust during a drilling process. Tosun et al. [6] conducted a study on effect of process parameters on surface roughness during drilling of Al/SiC composites via the Taguchi method. He stated that, the most influential parameters effecting surface roughness were type of drills used (HSS and carbide coated) and feed rate. Bhatnagar et al. [7] studied the influence of drillinginduced damage on residual tensile strength of unidirectional composite laminates and proposed a mathematical model correlating the residual strength with the cutting parameters. Ramkumar et al. [8] conducted experiments on drilling of carbon epoxy composite laminates with drill bits made up of High Speed Steel (HSS) and carbide coating. The operation was done at a relatively low spindle speed of 1,250 rpm and feed rate of 60μm/rev. It was observed that Carbide drills perform better than HSS tools. Lin and Chen [9] studied the performance of standard and multifaceted twist drill in ultra-high-speed drilling of carbon epoxy composites and found that aggressive tool wear causes a major problem at such speeds. The literature works till present present no study based on directionality of the fibers. Based on the literature cited above, the present research endeavor is one such attempt to study effect of glass fiber stacking sequence on drilling forces and also analyze the failure criteria for different orientations.
Materials and Methods
The materials used in the present study are glass fiber reinforced plastic GFRP composite laminates. However the experimentation is conducted for glass fibers that are unidirectional and bidirectional oriented as shown in figs. 1 and 2. Uni and bidirectional GFRP composite laminate specimens were prepared by hand layup technique.
The matrix used was Epoxy L12 and hardener K6. The composites were subjected to curing of 24 hours. The matrix and fibers were concentrated in terms of their weight percentages. After curing, the specimens were then cut to a size of 100 mm×50 mm of 4mm thickness as per ASTM standards. The detailed weight percentages of matrix, fiber and hardener have been listed below in Table 1 . Table 2 has been implemented for investigation which consists of nine rows corresponding to number of tests with two columns at three levels. The experimental plan involves nine tests (array rows) in which cutting velocity (v) was assigned the first column and feed rate (f), the second column. Having conducted an initial run of experiments, the feed rate and cutting speed values were then chosen to be 10, 15, 20 mm/min and 750, 1500, 2250 rpm respectively. The basis set of responses involved were thrust force (N) and torque (N-m) which were recorded using drill tool dynamometer (Kistler make, type (9257BA) which was interfaced to a vice on which the specimens were mounted in order to record the thrust and torque signals shown in Fig. 3 . The drill point geometries used in the study are shown in Figs. 4(a-c). 
Thrust and Torque response
The results of the present research work mainly emphasize its focus on the responses such as thrust force and torque. The primary observation identified during experimentation is the drill point geometries resulting in distinctive variation of drilling behavior. This case is presented in Fig. 5 which shows the multiple peaks in thrust force response during drilling of GFRP composite laminates. This variation can be attributed to the heterogeneous feature of the composite laminate. Here, the fibers take the higher apportionment of the load thus causing plastic deformation of the material. Conventionally, the thrust force signals for all drill point geometries primarily attain a maximum value during the penetration of the drill point with the composite laminate and then gradually decreasing over time when the drilling process is completed. This is because, in GFRP composite laminates, the drill bit initially advances into the top layer of the material and tends to pull out fibers extensively due to high fiber volume fraction, thereby producing a high magnitude thrust force. Once the top layer fibers are pulled out, the drilling process causes deformation of the polymer matrix usually having a low fiber content easily reducing the magnitude of the thrust force during the latter half of the drilling process [10] . Figs. 6, 7 and 8 show the general variation of thrust force for 4-facet, 8-facet and jo-drill drill point geometries for drilling of uni-directional and bi-directional GFRP composite laminates respectively. The thrust responses show comprehensive variation for different geometries with the jo-drill yielding the lowest value. However, 4-facet and 8-largely affected the composite laminates configuration due to a higher magnitude of thrust values. Thus, it can be firmly concluded that drill point geometries possess different characteristics that can largely affect the damage produced around the drilled hole that may result in the failure of the composite laminate. A standard 4-facet drill (and typically as a bit comes when it is new has 2 facets, coming together as a chisel tip. These drills find difficulty in self-centering themselves, and cannot slip around badly on materials. Therefore, for these bits to cut, the chisel has to be pushed into the surface in order to expose the cutting edges. This significantly increases the thrust (blunting the bit), and results in a higher temperature for the bit [11] .
For the 8-facet drill bit, the geometry has four facets that come together at a point, hence immediately the drill bit is able to drill the surface easily rather than simply rub against it. The present study also investigated the variation of cutting forces with respect to process parameters such as cutting speed and feed rate. Similarly, the figures cited above also highlight the variation of thrust force with respect to cutting speed and feed rate. The fundamental detection made is that, the thrust force values showed consecutive decrement with the increase of speed for all drill point geometries. The nature of variation of torque with respect to cutting speed and feed rate shown in Figs. 9, 10 and 11 was similar to that of thrust force for all types of drill geometries. However, showed gradual increase in thrust force for increase in the feed rate. Also, yet another decisive observation made is that, magnitude of thrust force showed extravagant dissemblance during drilling of uni and bi-directional GFRP composite laminates distinctly. For all the cases of cutting speed and feed rates, thrust force and torque developed during drilling of bi-directional composite laminates was much smaller when compared to uni-directional composite laminates for all drill point geometries [7] . The plausible reason for this could be due to irregular and uncontrolled chip formation produced during machining of successive layers occurring in uni-directional composite laminates. However, in bi-directional composite laminates, the orientation of fiber geometry in perpendicular direction causes decrement in chip formation owing to comparatively lesser drilling
Failure Criteria
The loading applied on the composite materials due to drilling process creates stresses across different plies. These stress levels can be used to predict failure criteria in order to assess the necessary damage by using failure theory. In order to predict the failure of the respective composite material, it becomes imperative to determine whether the stress in the first ply or a group of first plies is high enough to cause failure. Therefore, a laminate is considered when the top most laminate or a group of laminates tend to fail. In order to implicate a safe design, laminates should not experience stress levels that are high enough to cause the first ply failure. However, the damage causing ply-failure usually initiates on a micromechanical scale; an approximate index for damage around the drilled hole can be obtained by using Tsai-wu failure criterion. This failure theory employs strengths in tension and compression in order to predict failure. The material properties for specified compositions of uni-directional composite laminates like tensile modulus, poison's ratio, compression and shear modulus were obtained from [12] . Additionally, the material properties for woven bidirectional GFRP composite laminates were obtained from Robson [13] . The material properties are as shown in 
Sxx, Syy, and Szz are stresses in x, y and z directions respectively. f1t and f2t are tensile strengths in x and y direction respectively. f1c and f2c are compressive strengths in x and y directions respectively. Sxy is the shear stress and f12t and f12c are tensile shear stress and compressive shear stress respectively.
Modeling and analysis
The present research work attempts to illustrate the modeling process by using FEM. For this, the composite plate was modeled using Ansys v13 commercial purpose software. The plate was constrained from all four sides as necessary boundary conditions. The analysis was basically conducted in order to determine the failure stress due to the center. The plate is constrained from all four sides. However, the composite drilling is modeled with a built-in hole at done as per the dimensions mentioned for experiments, where the work piece of 10×5 cm with 4mm thickness was modeled [14] . Table 3 shows the Tsai-wu failure stresses for the corresponding Tsai-wu failure indices and for UD-GFRP and BD-GFRP composite laminates obtained from the analysis. It is observed that, was failure stresses show exorbitant variations for the different drill point geometries used. Amongst the drill geometries used, 4-facet drill bit yielded the highest values of tsai-wu failure index and failure stress for the both the type of composite laminates. Therefore, it can be thoroughly construed that, 4-facet drill point cannot be advised for drilling of glass fiber reinforced composite materials due to its additional clearance flank surface. However, the 8-facet drill point geometry showed a Tsai-wu failure index of 1.76 for UD-GFRP composites and 0.97 for BD-GFRP composites. The plausible reason for this could the layer wise penetration of the drill bit into the UD-GFRP that causes continuous chip formation due to formation of loose uncut fibers placed in successive layers. However, this obstruction is not observed in the BD-GFRP composites due to its orientation which is designed in [0/90/0] sequence subsequently. It is therefore beneficial to diversify the stacking sequence by placing bi-directional or [0/90/0] laminas in succession in order to minimize the failure stress in GFRP laminates. A genuine advantage of BD-GFRP composites is the orientation of fibers in either directions i.e. (longitudinal and transverse). Due to this, there is lesser load transmitted through this type of orientation. Furthermore, the increase in load causes more material to be removed and this material removed acts as selflubrication resulting in less tangential force and friction co-efficient between the drill bit and the specimen mating surface. However, in case of UD-GFRP, the fibers arranged in sliding direction transmits quantum of the load applied causing high tangential force and friction coefficient between the drill and mating surface [15] . For all cases of drill point geometries used, the Jo-drill yielded the lowest value for the index i.e. less than 1 for drilling of both the stacked composite laminates. This exemplary behavior of the drill point geometry can be accredited to the stepped shoulder that characterizes its geometry. Thus it is obvious that substantially different drill point geometries can damage induced failure at the completion of the drilling process as shown in fig. 12 However, this obstruction is not observed in the BD-GFRP composites due to its orientation which is designed in [0/90/0] sequence subsequently. It is therefore beneficial to diversify the stacking sequence by placing bi-directional or [0/90/0] laminas in succession in order to minimize the failure stress in GFRP laminates. For all cases of drill point geometries used, the Jo-drill yielded the lowest value for the index i.e. less than 1 for drilling of both the stacked composite laminates.
Critical failure stress
Analysis is also conducted to determine the critical thrust force for Uni-directional and Bi-directional GFRP composite laminates. Critical thrust force is the force that corresponds to Tsai-wu failure index equal to 1 where the drill bit authenticates damage induced failure. The analysis confirms 37.08 N/m 2 as the critical failure stress for UD-GFRP and 31.12 N/m 2 for BD-GFRP composites respectively. These values correspond to critical thrust force that can be applied during machining of the composites. A reverse analysis conducted for critical stress levels delivered the corresponding values of critical thrust forces 43.12N and 22.22N for uni and bidirectional composites respectively. The analysis also confirms that, the drill bit causes damage in UD-GFRP laminates in an elliptical shape with its major axis in the direction of fibers [16] . This feature of directionality is eliminated by employment of bi-directional or [0/90/0] laminates that endure to much lower thrust force when compared to uni-directional composite laminates which clearly provides testimony to the objective of the present study. The SEM micrographs for the drilled hole of UD-GFRP and BD-GFRP specimens are as shown in Fig.  13(a, b) . The specimens that were subjected SEM were those drilled by use of a jo-drill where the lowest values for thrust force and torque were yielded. It is clearly evident that the hole drilled of the UD-GFRP specimen has been severely damaged. This is mainly due to fiber pull out causing surface cracks in radial direction. This eventually leads to de-bonding of the matrix and fibers causing severe Delamination [17, 18] . In case of BD-GFRP, the high strength of the composite tends to pull out less amount of fiber at the cutting surface causing lesser number of cracks thereby. Also the crack formation in BD-GFRP is difficult to propagate in the plane of lamina to meet together, thereby resulting in lesser Delamination when compared to that of UD-GFRP. 
Conclusion
The present research work was undertaken in order to determine the drilling induced failure on unidirectional and bi-directional GFRP composite laminates. Three drill geometries used for investigation, and the following conclusions are drawn:
1. The 4-faceted drill point geometry recorded the highest values of thrust force and torque during drilling of both UD-GFRP and BD-GFRP composite laminates and hence cannot be recommended for drilling.
2. The jo-drill point geometry yielded the lowest values for thrust and torque due to uncharacteristic stepped shoulder conferring to the fact that, drills with different can cause damage induced failure after the completion of the drilling process. 
